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Introduction
Misfit layer compounds have the general formula (MX) 1+x (TX 2 ) m (M = Sn, Pb, Bi, Sb or rare-earth metal; X = S or Se; T = Ti, V, Cr, Nb or Ta; 0.08 < x < 0.26; m = 1, 2) and planar intergrowth structures [1] [2] [3] . They are build of alternating double layers MX and sandwiches TX 2 , which do not match. These compounds therefore lack three-dimensional periodicity. The stability of the misfit layer compounds, the interlayer chemical bonding and the effect of the incommensurateness on their physical properties are subjects of interest.
The band-structure calculations of (SnS) 1.17 NbS 2 and (SnS) 1.20 TiS 2 showed that the electronic structure is approximately a superposition of the electronic structures of the components TX 2 and MX with a small charge transfer from the MX layer to the TX 2 layers. The interlayer interaction between MX and TX 2 is dominated by covalent interactions [4, 5] .
However, for the rare-earth-metal-based misfit layer compounds there are some differences. The in-plane resistivity, Hall coefficient and thermopower measurements of the rare-earth-metal-based compounds show p-type metallic conduction, which prompted the suggestion that the conduction was by holes in the d z 2 band of the NbS 2 or TaS 2 sandwiches [1] [2] [3] . This d z 2 band, which may contain two electrons per T = Nb or Ta and is half filled in the case of pure dichalcogenides 2H-NbS 2 and 2H-TaS 2 , is filled to 0.1-0.3 holes per T in the case of the rare-earth misfit layer compounds.
So far there have been no reports on electronic structure calculations for rare-earth-based misfit layer compounds. This paper reports the results of band-structure calculations in the supercell approximation and photoelectron spectra (x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)) for the core levels and the valence bands of the misfit layer compound (LaS) 1.14 NbS 2 . The origin of the stability and the interlayer chemical bonding of (LaS) 1.14 NbS 2 and other rare-earth-metal-based misfit layer compounds are discussed.
2. Structure of (LaS) 1.14 NbS 2 (LaS) 1.14 NbS 2 has been synthesized by Meerschaut et al [6] . However, they determined the structure in a supercell with a wrong space group. Wiegers et al [7] determined the structure in the composite structure approach, which means that separate refinements were carried out for the LaS substructure with unit-cell dimensions a 1 = 5.818Å, b 1 = 5.797Å and c 1 = 11.512Å, space group Cm2a and Z = 4, for the NbS 2 part with a 2 = 3.310Å, b 2 = 5.797Å and c 2 = 23.04Å, space group F m2m and Z = 4, and the common projection along [100] (reflections 0kl) which determines the relative position along [010] and [001] of the two subsystems. The in-plane axes are a and b. The b axes are parallel and of equal length, while the a axes, being parallel, have a length ratio a 1 /a 2 = 5.818/3.310 1.758, being close to 7/4 (= 1.75). The c axes are parallel but c for NbS 2 is twice the c for LaS because of the F centring of the NbS 2 lattice (figure 1). The coordinates of the atoms in the unit cells of the two subsystems are given in table 1 [7] . The LaS part of the structure consists of double layers, resembling slices of solid LaS (NaCl-type structure, a = 5.834Å) with a thickness of half the cell edge. The LaS double layer is corrugated with the La atoms on the outside, making possible bonding interactions with the sulphur atoms of NbS 2 layers. Each La atom is coordinated to five S atoms in the double layer and to one or two S atoms of the neighbouring NbS 2 layer. The NbS 2 sandwiches are about the same as in 2H-NbS 2 , Nb atoms being in approximately a trigonal prism of S atoms. The two substructures mutually modulate each other incommensurately. The complete structure, including the modulation is described in a (3+1)-dimensional superspace group [2, 8] . The modulation amplitudes were determined by van Smaalen [8] using the program system JANA [9] . The refinement in JANA showed that the largest modulation amplitudes are for the La atoms and the S atoms of the NbS 2 layers [8] . The program system JANA allows one to approximate the incommensurate structure in a supercell as needed for a band-structure calculation, the smallest being that with a = 7a 2 4a 1 (= 23.216Å), b = b 1 = b 2 (= 5.806Å), and c = 2c 1 = c 2 (= 23.03Å). Several choices are possible for the space group depending on the choice of the origin along the incommensurate axis of one subsystem with respect to the other. The supercell with the highest symmetry was chosen, since it gives the smallest number of crystallographically independent atoms. The structure described here is the ideal structure and does not contain vacancies on the La sites as suggested by Wiegers [3] , analogous to the La vacancies in 'LaCrS 3 ', 'GdCrS 3 ' and 'YCrS 3 ' suggested by Rouxel et al [10] and Lafond et al [11] , and in 'LaVSe 3 ' suggested by Ren et al [12] .
The supercell with the highest symmetry deduced from JANA has the space group Ccc2 and unit-cell dimensions a = 23.03Å, b = 23.216Å (= 7a 2 4a 1 ) and c = 5.806Å (figure 2). Note that this choice is the standard setting according to [13] . The cell content is (LaS) 32 (NbS 2 ) 28 . All atoms are on general sites 8d, except Nb(1) which is on site 4c (see table 4 later). The crystallographically independent atoms are therefore reduced to four Nb, four La and 11 S atoms. The intralayer and interlayer La-S distances for the four independent La atoms are given in table 2; those for the average structure (the mutual modulation not taken into account) are also included. Some insight into the bonding can be obtained by using the concept of bond valence [14] . The bond valence V i is calculated from the relation
where d i is the distance between the atoms of bond i, and d 0 and b are empirical constants: d 0 = 2.64Å for La-S and b = 0.37Å [15] . The bond valence or oxidation state V of an atom is calculated by summing over all neighbouring atoms V = i V i . For comparison the La-S distances [16] and bond valences of LaS and La 2 S 3 are given in table 3.
The intralayer La-S bond valences vary from 1.9 to 2.3 valence units (vu) for different La atoms. The interlayer La-S bond valences are quite large (0.80-0.96 vu) in contrast with the interlayer M-S bond valences in the misfit layer compounds (MX) n TX 2 with M = Sn or Bi [3] [4] [5] . The sum of the La bond valence is about +3. 
Band-structure calculations

Method of the calculations
Ab-initio band-structure calculations were performed with the localized spherical wave [13] . (LSW) method [17] using a scalar-relativistic Hamiltonian. We used local-density exchangecorrelation potentials [18] inside space filling, and therefore overlapping spheres around the atomic constituents. The self-consistent calculations were carried out including all core electrons.
Iterations were performed with k-points distributed uniformly in an irreducible part of the first Brillouin zone (BZ), corresponding to a volume per k-point of the order of 1.5 × 10 −5Å−3 . Self-consistency was assumed when the changes in the local partial charges in each atomic sphere decreased to the order of 10 −5 .
In the construction of the LSW basis [17, 19] , the spherical waves were augmented by solutions of the scalar-relativistic radial equations indicated by the atomic symbols 6s, 6p, 5d corresponding to the valence levels of the parent elements La, 5s, 5p, 4d to Nb and 3s, 3p, 3d to S. The internal l summation used to augment a Hankel function at surrounding atoms was extended to l = 3, resulting in the use of 4f orbitals for La and Nb. When the crystal is not very densely packed, as is the case in layered materials such as (LaS) 1.14 NbS 2 , it is necessary to include empty spheres in the calculations. The functions 1s and 2p, and 3d as an extension, were used for the empty spheres. The input parameters (lattice constants, atomic coordinates, and Wigner-Seitz sphere radii of atoms and empty spheres) are listed in table 4.
The densities of states of the components LaS and NbS 2
For a better understanding of the band structure of (LaS) 1.14 NbS 2 it is useful to compare the results of the calculations with band structures of the two components LaS and NbS 2 .
We calculated the band structure of LaS by the LSW method. The input parameters for band-structure calculations of LaS are given in table 5. The electronic structure agrees with the results of Lu et al [20] . The density of states (DOS) of LaS is shown in figure 3 . The sulphur 3s states are clearly separated from the other states of the valence band by a gap of 7.1 eV. The next band consists mainly of S 3p states slightly hybridized with La 5d orbitals. The La 5d band is very broad; it begins at −2.6 eV and is separated from the S 3p band by an energy gap of 0.7 eV. The hybridization of La 5d, 6s, 6p states with S 3p orbitals is small. The bonding is therefore rather ionic. The Fermi level is in the La 5d bands; there is one 5d electron per La atom which is responsible for the metallic electrical conduction of LaS. The La 4f states are calculated at about 3.5 eV above the Fermi energy. However, it is well known that local-density band-structure calculations give an energy for unoccupied 4f states of La which is about 5 eV too low [21] . [4, 22] . In order to compare with the band structure of the misfit layer compound we have calculated the band structure of 2H-NbS 2 using the LSW method [4] . The total and partial DOSs are shown in figure 4 . The band structure obtained for 2H-NbS 2 is similar to previous calculations. 3.3. Band structure of (LaS) 1.14 NbS 2
The first BZ corresponding to the large unit cell with space group Ccc2 (No. 37) is shown in figure 5 . The dispersions of the energy bands near the Fermi level and of the sulphur 3s state band are shown in figures 6(a) and 6(b) for selected directions in the BZ. The total and partial DOSs obtained from the band-structure calculations are shown in figure 7 . The orbital configurations of atoms and empty spheres are given in table 6 . We remark that not too much significance should be attributed to differences in charge and orbital configuration, as these numbers are strongly dependent on the Wigner-Seitz radii, and the presence of empty spheres. However, we observe that the variation in the electronic configuration of one type of atom within a subsystem is small; this indicates that the modulation of the electronic structure of one subsystem by the other subsystem is small. There is a small but significant difference between the electronic configurations of S in the NbS 2 and the LaS subsystems, but this is at least partly due to the different Wigner-Seitz radii. In the total DOS we can distinguish two separate sets of energy bands. The lowest bands mainly consist of sulphur 3s orbitals, with in the lower part mainly S 3s of the NbS 2 subsystem, whereas the S 3s states of the LaS subsystem are at the top of these bands. There is a shift of about 1.2 eV to a lower energy of the top of S 3s band of the NbS 2 subsystem in the misfit layer compound with respect to the Fermi level, compared with 2H-NbS 2 . Part of the shift will be due to the higher Fermi energy in the (LaS) 1.14 NbS 2 compound, as a result of increased filling of the Nb 4d z 2 band. Part of the shift could be due to a lowering of the S 3s orbital energy by the Coulomb interaction with La. Most of the S 3s bands of the LaS subsystem shift to higher energy with respect to the Fermi level, compared with LaS. These shifts are at least partly explained by the high Fermi level in LaS, due to the presence of 1 electron per La atom in the broad La 5d band.
The energy gap between the S 3s and the S 3p states is about 3.4 eV, which is smaller than for 2H-NbS 2 (about 6. figure 6(b) ), lying at the lowest energy range, form a separate part, with bonding and antibonding states, and consist of only S 3s states of the NbS 2 subsystem. The S 3s bands show very little dispersion along the -Y and T-Z directions parallel to the k y axis (interlayer). This is understandable because, in the directions parallel to k y , the S-S distances are too long for strong interlayer 3s-3s interactions. The S 3s bands of the LaS subsystem have a dispersion of about 0.5 eV along the -Z direction, which is of the same order as in LaS [20] . It is remarkable that the S 3s bands of the LaS subsystem have a very small dispersion along the X-and A-Z directions parallel to k x , while the S 3s bands of the NbS 2 subsystem have a dispersion parallel to k x as large as those in the -Z directions.
The bands near the Fermi level show a strong anisotropy. There is a large dispersion (about 0.5-1.0 eV) for directions with a k component perpendicular to k y . This dispersion is caused by strong intralayer interactions in the subsystems and is also found in the band structures of the components. Near the Fermi level the bands have a small dispersion of about 0.01-0.05 eV in the interlayer (k y ) direction ( -Y and T-Z). Below the Fermi level some of the bands show a dispersion of about 0.3 eV in the interlayer direction, which is smaller than in the misfit layer compounds (SnS) 1.17 NbS 2 and (SnS) 1.20 TiS 2 [4, 5] . The bands across the Fermi level along the -X direction have mainly Nb 4d z 2 character and have a dispersion as large as along the -Z direction. Therefore the anisotropy between the a and c directions is very small.
Photoemission spectra measurements
The misfit layer compound (LaS) 1.14 NbS 2 was synthesized and crystals were grown by vapour transport as described before [7] . The crystals obtained were approximately squares with rounded sides, with dimensions of about 5-10 mm. We carried out XPS measurements in a small-spot ESCA machine from Vacuum Generators. A spot diameter of 300-600 µm was used. The radiation source was an Al anode using the K α line with a photon energy of 1486.6 eV. The sample surface was cleaned by stripping with Scotch tape in the preparation chamber at a base pressure of 10 −9 Torr. The sample with a fresh surface was transported to the main chamber (base pressure, 10 −10 Torr). We also performed UPS measurements with photons of energy 21.2 eV from a helium lamp. Figures 8(a) , 8(b) and 8(c) show the x-ray photoelectron spectra of the core electrons La 3d, Nb 3d and S 2p, respectively. The latter two are compared with the corresponding x-ray photoelectron spectra of the misfit compound (SnS) 1.17 NbS 2 [4, 23] . There is no significant shift in the Nb core levels. However, the spectra of the S 2p core levels in (LaS) 1.14 NbS 2 have an approximately 0.8 eV higher binding energy than in (SnS) 1.14 NbS 2 (table 7) . This shift also exists in spectra of the S 2s core electrons. Such a shift is presumably due to strong ionic interactions of La with S atoms in both the LaS and the NbS 2 layers. The x-ray photoelectron spectra of the La 3d and 4d core levels are more complex. Figure 8 (a) and table 7 show that there are two sets of peaks for the La 3d levels. The peaks at 850.8 and 854.5 eV are for the La 3d 3/2 core level and the peaks at 834.0 and 837.7 eV are for La 3d 5/2 core levels. The ratio I (3d 3/2 )/I (3d 5/2 ) of the intensities is about 4/6, corresponding to the occupation numbers of 3d 3/2 and 3d 5/2 states. The intensity ratio for La 3d 3/2 (or La 3d 5/2 ) of the peak at higher energy to that at lower energy is about 3/1. The energy splitting of the peaks is about 3.8 eV. A splitting of this type is observed for all La compounds and is ascribed to the many-body effects [24] [25] [26] .
The band-structure calculations show that the La 4f orbitals are seen above the Fermi level. Therefore the ground state is La 4f • . X-ray absorption spectra of the La 3d 5/2 to La 4f 7/2 (M 5 ) transition also showed that the La 4f states are empty [27] . However, in the final state of the La 3d photoemission, the La 4f level is pulled below the Fermi level by the attractive potential of the core hole. As a consequence there are two final states, a screened state with 3d 9 4f 1 L configuration, with a ligand hole L, and an unscreened state with 3d 9 4f 0 configuration. Therefore, photoemission in the two peaks corresponds to final states 3d 9 4f 0 (the main peak with a higher binding energy) and 3d 9 4f 1 L (the satellite with a lower binding energy). The satellite peak is broader owing to the multiplet interactions. The x-ray absorption spectroscopy peak of the La 3d 5/2 has a binding energy of 834.2 eV [27] . The final state in the La 3d x-ray absorption spectrum is 3d 9 4f 1 , just as the XPS satellite, but the XAS peak is shifted with respect to the XPS satellite as a result of many-body interactions and different selection rules in XAS and XPS [25] . The relative positions of the XAS peak and the XPS satellite for (LaS) 1.14 NbS 2 are very similar to what is observed for La metal [25] .
The splitting E between the XPS main line (indicated by subscript m) and satellite (indicated by subscript s), and the intensity ratio I m /I s can be described with a simple model, involving the hybridization T between La 4f and the ligand orbitals (S 3p) [24] . The equations are E = ( − U f c ) 2 + 4T 2 , I m /I s = 1/ tan 2 θ and tan(2θ) = 2T /( − U f c ), where is the difference between the energies of La 4f and the ligand orbital in the initial state, and U f c is the Coulomb interaction between a La 4f electron and the 3d core hole. With the observed values E = 3.8 eV and I m /I s = 3 we obtained U f c − = 1.9 eV and T = 1.6 eV. The La 4f state is calculated at about 4 eV above the Fermi level. However, because the local-density approximation gives an energy for unoccupied La states which is about 5 eV too low, a more realistic value for the energy of La 4f is 9 eV above the Fermi level. The S 3p states are at about 3 eV below the Fermi level (figure 7), so that 12 eV. Using U f c − = 1.9 eV we find that U f c 14 eV. The values U f c 14 eV and T = 1.6 eV are comparable with the values obtained for other La compounds with more elaborate calculations, taking into account also the multiplet splitting and the ligand band width [26, 28, 29] .
The x-ray photoelectron spectrum of the valence band of the misfit layer compound (LaS) 1.14 NbS 2 is shown in figure 9 . A calculated spectrum is obtained from the partial DOS by multiplying by the appropriate cross section for photoemission (for XPS with a photon energy of 1486.6 eV, the cross sections are 0.000 76 for La 5d, 0.0019 for S 3s, 0.0010 for S 3p and 0.0026 for Nb 4d [30] . The S 3s band of the spectra is quite wide and ranges from about −16 eV to about −10.0 eV. The maximum is situated at about −13.2 eV which agrees quite well with the strong peak of the calculated spectrum (−13.2 eV of S(Nb) 3s). However, the S 3s peak of the LaS subsystem (about −11.9 eV), which is visible in UPS, is not clearly visible in XPS because it is calculated to be weaker than the S 3s peak of NbS 2 and because of the resolution (about 1.0 eV). The XPS valence band begins at −8.0 eV. The broad peak from −8.0 to −1.5 eV is mainly S 3p mixed with some La 5d and Nb 4d states. There is a narrow peak (about 1.5 eV) just below the Fermi level which corresponds mainly to Nb 3d z 2 states. Considering the resolution of the measurements (about 1.0 eV for this case) the calculated bands are in good agreement with the experimental data. Figure 10 shows the ultraviolet photoemission spectrum of the valence band of (LaS) 1.14 NbS 2 . The UPS data correspond quite well to the XPS results, but the resolution is much better. The first sharp peak below the Fermi level is again the Nb 4d z 2 band; it has a width of about 1.5 eV, which is larger than for (SnS) 1.17 NbS 2 . This is due to a larger band filling in (LaS) 1.14 NbS 2 . The band-structure calculations show that charge transfer from the MS subsystem to the NbS 2 subsystem is about 0.7-0.8 electrons per T atom for M = La; it is about 0.3 electrons per T atom for M = Sn [4] . The S 3s band is quite broad (from −15.5 eV to −11.5 eV) and has a broad peak with some structure, which corresponds to several S 3s bands of the LaS and NbS 2 subsystems. The Nb 4d band has a lower intensity than expected from the calculation (the cross section is 22.10 for Nb 4d and 4.33 for S 3p) [30] . The shape of the S 3p band is more like that of the LaS than of the NbS 2 part. Because UPS is more surface sensitive than UPS, this could be due to a surface layer of LaS rather than NbS 2 . 
Discussion
From these band-structure calculations it is seen that in (LaS) 1.14 NbS 2 there is a transfer of about 0.7 electrons per Nb atom from the LaS layers to the NbS 2 layers. The bond valence calculations show that the interlayer La-S(NbS 2 ) bonds are quite strong (interlayer bond valence is about 0.8-0.9 per La atom) (this is also the case in other rare-earth-based misfit layer compounds [3] ), indicating that there are strong bonds between the two subsystems. The interlayer energy dispersion is about 0.3 eV, slightly smaller than in the misfit layer compounds (MS) 1+x TS 2 (M = Sn; T = Ti or Nb) [4, 5] . Near the Fermi level the interlayer energy dispersion is about 1.0 eV, while the interlayer dispersion is very small, about 0.05 eV. The Fermi level is in the middle of the Nb 4d z 2 bands, which means that the electrical transport properties are mainly determined by the Nb 4d z 2 states.
This dispersion of the S 3s bands in the -Z direction of the LaS subsystem (about 0.5 eV) is smaller than that of the S 3s bands of the NbS 2 subsystem (about 1.0 eV). Along the -X direction (the incommensurate direction), the dispersion of S 3s of the LaS subsystem is even smaller. This small dispersion may be related to a strong ionic contribution in the bonding, and a possible localization of La 5d electrons. Such a localization induced by the incommensurate structure was suggested by Suzuki et al [31] .
An interesting question concerns the origin of the stability: what is the nature and strength of the interlayer bonding? For the transition-metal dichalcogenides the interlayer bonding is due to weak van der Waals interactions. In alkali-metal intercalates A x TX 2 the interlayer interaction is mainly due to the electrostatic interaction between the positively charged A + ions and the negatively charged TX − 2 layers. In the misfit layer compounds (MX) 1+x TX 2 (M = Sn or Pb; X = Se or S) there is a small charge transfer (about 0.2-0.3 electrons per T atom) from the MX to the TX 2 layers and the stability is dominated by covalent interlayer bonds between the M atoms and S atoms of the TS 2 subsystem [4, 5] . In the rare-earth-element-based misfit layer compounds there is a large charge transfer (e.g. about 0.7 electrons per Nb atoms) and strong interlayer bonds (e.g. La-S(NbS 2 ) with bond valence 0.8-0.9 vu per La atom).
From a comparison of the calculated band structure of (LaS) 1.14 NbS 2 , LaS and NbS 2 we concluded that there is a transfer of about n 0.7 electrons per Nb atom from LaS to the NbS 2 subsystem. This charge transfer leads to a charge of 0.7e for the LaS layers, and a charge of −0.7e for the NbS 2 layers (charges per formula unit (LaS) 1.14 NbS 2 . The electrostatic interlayer bonding will be of the order of E(interlayer) (e n) 2 / d, where d is the distance between the midplanes of the layers (d = b/4), and is an effective dielectric constant which takes into account the screening of the interactions. If we use for the value ∞ 8 (smaller than the value of = 10 for (SnS) 1.17 NbS 2 ) [32, 33] , we obtain E(interlayer) 0.10 eV/formula unit; without screening ( = 1) we find that E(interlayer) 0.6 eV. The electrostatic binding energy of (LaS) 1.14 NbS 2 is much larger than that of (SnS) 1.17 NbS 2 [4] .
The cohesive energy of LaS can be obtained from [34] , we obtain E coh (LaS) = 12.01 eV. In LaS, each La atom is coordinated by six sulphur atoms, and the valence of La is three, so that the bond valence of one La-S bond in LaS is ( 1 6 ) × 3 = 1 2 . We assume that the binding energy of a La-S bond with bond valence V i is V i E 0 and 6 × ( 1 2 )E 0 = 12.0 eV, so that E 0 = 4.0 eV. The bond valence contribution of the interlayer bonds is about V b = 0.9 (see table 2 ). Therefore the interlayer bonding energy per La atom, E(interlayer) = V b E 0 = 3.6 eV, which is much larger than in (SnS 1.17 NbS 2 or (PbS) 1.18 TiS 2 [4] . We estimated for the electrostatic interlayer energy due to charge transfer a value between 0.1 and 0.6 eV/formula unit. We conclude that the contribution of the La 3+ -S 2− (NbS 2 ) interlayer interaction is considerably larger than the electrostatic interaction as calculated above.
(LaS) 1.14 NbS 2 has p-type metallic electronic conduction, with a hole concentration of about 0.10 holes per Nb atom deduced from Hall effect measurements with the simple relation R H = (pe) −1 [35, 36] . The optical reflectivity showed that there are about 0.3 holes per Nb atom (32, 33] . These data agree with the band-structure calculations (about 0.3 holes per Nb atom). The electrical resistivity measurement showed a large resistivity ratio ρ c /ρ ab (about 50 [35] ), which can be explained by the small dispersion in the interlayer direction of the band at the Fermi energy. The residual electrons in the LaS layers (about 0.4 electrons per La atom) are probably in La 5d orbitals. The La 4f states are empty and far above the Fermi level, which agrees with XPS and XAS measurements [27] . The rare-earth misfit layer compounds are mechanically harder than the Sn-, Pb-, Bi-and Sb-based misfit compounds which is explained by the strong interlayer bonds.
